We present precision neutron scattering measurements of the dynamic structure factor S(Q,) and the elementary excitations of liquid 4 He immersed in aerogel and Vycor. In both porous media, liquid 4 He supports two-dimensional ͑2D͒ layer modes at wave vectors in the roton region that propagate in the liquid layers adjacent to the media walls. The layer modes have a rotonlike energy dispersion relation with energies that are consistent with specific heat and superfluid density measurements at low temperature. Liquid 4 He in these media also supports 3D phonon-roton ͑p-r͒ excitations that have energies and lifetimes at temperatures 0.5рTр2.3 K which are the same as in bulk liquid 4 He within current precision (5 eV͒. The layer modes are the only new excitations observed in these disordering media to date. In Vycor, we observe a well-defined p-r excitation at temperatures above T c in the normal phase. This suggests that there is a localized condensate ͑phase coherence on short length scales͒ above T c in Vycor.
I. INTRODUCTION
Revealing the nature of liquid 4 Hein confined media and on surfaces has played a central role in understanding superfluidity. 1, 2 The early demonstrations of superfluidity itself in the 1930s were made by showing the remarkable flow properties of liquid 4 He in powders, [3] [4] [5] which confine the helium to short length scales and create large surface areas.
Extensive measurements of the thermodynamic properties such as the specific heat and superfluid density, S (T), of liquid 4 He in aerogel and Vycor have been made over the past 30 years. 1, 2, 6 Aerogel consists of strands and globules of glass crisscrossing free space in which the fraction of free space ͑porosity͒ can be accurately controlled, typically from 99% to 85%. Vycor is a 30% porous glass containing wormholelike pores of nominally 70 Å diameter. The aim of the measurements is to determine how confinement and surfaces change the thermodynamic properties from their bulk values. Specifically the superfluid to normal transition in confinement is characterized by lower transition temperature T c ϽT ϭ2.172 K and a modified critical exponent ͑except Vycor͒ in the relation S (T)ϭ S (0)͓1ϪT/T c ͔ for temperatures immediately below T . 1, 7, 8 A central question is whether or not the Bose condensate or ''superfluidity'' can be localized by the disorder introduced by aerogel or Vycor. 1, [9] [10] [11] [12] Localization of the superfluid by the rough surfaces ͑disorder͒ has been observed, especially in partially filled Vycor. 13 In this paper, we present neutron scattering measurements of the excitations of liquid 4 He confined in 87% porous aerogel and in Vycor. The goal is to present a unified picture of the excitations of a Bose quantum liquid in confinement. We also search for new excitations, particularly at low energy, that may be introduced by disorder or confinement. Of specific interest is to see whether the changes in the excitations can explain the existence of new phases of Bose fluids in disorder and explain the difference in thermodynamic properties in disorder. Brief, separate reports on aerogel 14 and Vycor 15 have recently appeared. The basic picture that emerges from the present measurements is that the three-dimensional ͑3D͒ phonon-roton ͑p-r͒ excitations of superfluid 4 He in fully filled aerogel and Vycor are the same as in bulk superfluid 4 He. That is, the p-r excitation energies and lifetimes both at low temperature ͑e.g., Tϭ0.5 K͒ and as a function of temperature up to T c are the same as in bulk liquid 4 He. The more carefully the excitations are investigated, the closer they agree with the excitations in the bulk. The shape of the main peak and of the multi-phonon-roton components of the dynamic structure factor S(Q,) are also same.
While the 3D p-r excitations are the same, there are new 2D layer modes propagating in the liquid layers adjacent to the aerogel and Vycor walls. The new layer modes are observed as broad additional intensity in S(Q,) immediately below the main 3D p-r peak. The additional intensity can be identified as a layer mode 16 by making measurements of S(Q,) as a function of filling of the porous media. Similar modes are also observed in superfluid 4 He films on graphite [17] [18] [19] and other ''flat'' surfaces as well as in thin films on aerogel. 20 To date, the 2D layer modes have been observed only in the roton region 1.7рQр2.15 Å Ϫ1 . They are not observed below Qϭ1.7 Å Ϫ1 and Qу2.15 Å Ϫ1 has not been investigated. Figure 1 shows the 3D p-r energy dispersion curve of superfluid 4 He in Vycor and in the bulk which are the same. It also shows the 2D layer mode energy observed in aerogel and Vycor in the roton wave vector region. These 3D p-r and 2D layer mode dispersion curves display the basic characteristic excitations of liquid 4 He in aerogel and Vycor observed to date.
Initial neutron scattering measurements of excitations in confined media used highly porous aerogel ͑e.g., 95% porous͒. [21] [22] [23] [24] [25] [26] [27] [28] We have turned to denser ͑87%͒ aerogels 14, 29 and to Vycor 15, 29 to increase the effects of disorder and confinement. Most recently, we have investigated Geltech silica, 30, 31 a 50% porous media consisting of 25-Å -diam pores. In both Vycor and Geltech silica, where T c ϭ1.95 and 0.725 K, respectively, we find that the weight of the single p-r excitation peak in S(Q,) does not scale with the superfluid density S (T) as it does in the bulk. This difference in scaling of the weight with temperature is the chief distinguishing feature of the p-r excitations in confined media. It suggests that there is a localized condensate ͑phase coherence on a local scale͒ above T c in these media.
In Sec. II, we describe the aerogel and Vycor samples prepared specifically for the present measurements. The experimental procedure, the data reduction, and the analysis are discussed in Sec. III. The results are presented and discussed in Secs. IV and V, respectively.
II. SAMPLE CHARACTERIZATION
The aerogel and Vycor samples used here were prepared specifically for the neutron scattering measurements. The static structure factor S(Q) was measured by small-angle neutron scattering using the IN12 triple-axis spectrometer at the ILL. Measurements were done for wave vectors between 0.009 and 2.25 Å Ϫ1 at room temperature and at Tϭ1.5 K, using different incident wave vectors between 1.05 and 1.4 Å Ϫ1 and collimations of 10, 20, or 40 arc min, as required for the Q range studied.
A. Aerogel sample
Aerogels have a highly tenuous structure 46 of irregularly connected silica (SiO 2 ) globules and strands. Small-angle scattering, transmission-electron microscope images, adsorption isotherm measurements, and computer models 46 of aerogels show a distribution of length scales from a few to a few hundred Å. The aerogel plus the first solid 4 He layer bound to it may be viewed as regions of an elastic medium having a different elastic constant traversing bulk liquid 4 He in a random manner.
The present 87% porous aerogel was grown following a classical sol-gel process. TMOS, methanol, water, and ammonium hydroxide were mixed in the molar ratio 1 : 2 : 0.8 : 5ϫ10
Ϫ4 . This mixture gelled within 30 min. After aging for 2 weeks at room temperature, the solvent was supercritically extracted. While we did not separately measure the surface area of the sample, similarly prepared samples have a specific surface area of approximately 250 m 2 /cm 3 . The aerogel sample was grown directly in the sample cell used for the neutron scattering measurements, a stainless steel cylinder of inner diameter of 13.6 mm, wall thickness of 0.2 mm, and a height of 52 mm. An important fraction of the elastic neutron scattering from aerogel comes from OH Ϫ groups attached to the aerogel strands. To remove these, or at least replace the hydrogen by deuterium, which has a much smaller incoherent neutron scattering cross section, the aerogel was first baked in vacuum at a temperature of 430°C. It was next exposed to 3 bars of deuterium gas, then baked in vacuum, all this at Tϭ430°C. This treatment was repeated 5 times. The sample was subsequently treated and shipped in an inert atmosphere ͑Ar or He͒, and never exposed to air. Further reduction of the elastic scattering can be obtained using fully deuterated chemicals.
14 Figure 2͑a͒ shows the static structure factor S(Q) measured for the present 87% aerogel sample. Three different regimes can be identified. At low Q ͑long wavelength͒ the sample looks homogeneous to the neutron and S(Q) is constant. This homogeneous regime is separated from the fractal regime ͓dashed line in Fig. 2͑a͔͒ at QӍ2/, with a correlation length of Ӎ400 Å. The fractal regime is separated from the surface regime ͓solid line in Fig. 2͑a͔͒ at QӍ6 ϫ10 Ϫ2 Å Ϫ2 . The slopes in the fractal and surface regimes reflect the nature of the correlations at those length scales. The fractal dimension in our aerogel sample is Dϭ1.8, which is consistent with other base-catalyzed aerogel samples. 32, 33 The surface regime is described by a Q Ϫ3.3 law, characteristic for scattering from an irregular surface.
B. Vycor sample
Porous Vycor glass is fabricated by leaching out the B 2 O 3 -rich phase of a phase-separated borosilicate glass. The A cylindrical Vycor sample of 9.7 mm diameter was synthesized 34 using B 2 O 3 enriched to 99.95% with the 11 B isotope, which has a much smaller neutron absorption cross section than natural boron. The Vycor sample was cleaned with H 2 O 2 at a temperature of 80°C in order to remove organic molecules adsorbed in the Vycor, and then rinsed in heavy water and dried at room temperature under vacuum. Further handling of the sample was done in nitrogen or helium atmospheres. The 40-mm-high sample was fitted into an aluminum cylinder with 1.5-mm-thick walls and height of 100 mm, which allowed measurements of both 4 He in Vycor and bulk 4 He using the same cell. The two compartments were separated by a Cd spacer.
Neutron small-angle scattering measurements of our Vycor sample show that the surface is irregular and that there is no peak in S(Q) at the crossover wave vector of 2/, with Ӎ200 Å ͓see Fig. 2͑b͔͒ . These observations suggest that the sample was completely dried. 35 No difference in S(Q) was observed between our 11 B-enriched cylindrical Vycor sample and standard Vycor plates made with natural boron.
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III. EXPERIMENT AND DATA TREATMENT
The measurements were made on the IN6 neutron timeof-flight spectrometer at the high-flux reactor of the Institut Laue Langevin. The incident energy was 3.82 meV, which gave an energy resolution of about 110 eV and a Q coverage of 0.3рQр2.15 Å Ϫ1 . The cylindrical sample cells ͑see Sec. II͒ were mounted in a 3 He refrigerator, and the measurements were made at temperatures between 0.5 and 2.3 K. The thermometers were calibrated before the experiment by measuring the vapor pressure of 3 He condensed into one of the sample cells used for the bulk 4 He measurements. Typical measurement times were 5-6 h per temperature. Measurements of the scattering from bulk 4 He were made under identical conditions. For the aerogel experiment, the bulk measurements were done immediately before the aerogel measurements, by using a different sample container, but with identical dimensions to the aerogel. For the Vycor measurements, the cell contained two compartments, one with 4 He filled Vycor and the other with bulk 4 He, as described in Sec. II B, and the cell could be lowered and raised in the beam to measure each of the samples. Complementary measurements were made on another 87% porous aerogel sample on the IN12 triple-axis spectrometer using an improved energy resolution, 14 and some of those results will also be presented here.
After normalization to the beam monitor, the scattering from the empty aerogel ͑or Vycor͒ sample was subtracted from the 4 He-filled sample, and the data were normalized to a vanadium calibration run. Standard procedures were used to transform the data to the dynamical structure factor S(Q,) at constant Q. The absolute normalization of S(Q,) ͑in meV Ϫ1 ) was obtained by scaling to bulk measurements. 36 The presence of hydrogen, probably in the form of OH Ϫ groups bound to the surfaces of the aerogel and the Vycor, results in a strong isotropic incoherent elastic peak and leads to multiple scattering: the inelastic scattering of a neutron by 4 He is followed or preceded by elastic scattering from the hydrogen. This type of multiple scattering destroys the Q information of S(Q,) from the 4 He, but does not change the energy transfer. Its signature is therefore a phonon-roton density-of-states-like feature, as shown by the solid line in Fig. 3͑a͒ . Fortunately, this contribution can be accurately extracted by comparing the scattering from 4 He in aerogel or Vycor with that of bulk 4 He at selected wave vectors. At Qϭ0.3 Å Ϫ1 , e.g., the scattering from 4 He consists of only a single phononlike peak at energies well below the main features of the multiple scattering. Other Q values were used to verify the so-obtained multiple scattering, such as the maxon shown in Fig. 3͑a͒ . The multiple-scattering contribution, which depends on temperature since the p-r density of states depends on temperature, was subtracted from S(Q,). The result is illustrated for the roton wave vector in Fig. 3͑b͒ , which also shows the existence of additional scattering below the roton peak, which cannot be due to multiple scatter- ing. As we will see below, this scattering is related to twodimensional layer modes. We note that the amount of multiple scattering between different samples scales with the observed elastic intensity from these samples when measured without 4 He. Two different methods are commonly used for analyzing the temperature dependence of S(Q,). 36 The first method is the so-called simple subtraction ͑SS͒ method. Here, S(Q,) is the sum of a single-excitation component S 1 (Q,) and a multiexcitation component S m (Q,),
At low temperatures, S 1 (Q,) is a ͑resolution-broadened͒ ␦ function, and S m (Q,) is simply the scattering which is not within this peak. S m (Q,) is supposed to be temperature independent, and can thus simply be subtracted from the total S(Q,) at higher temperatures, and the remaining singleexcitation component can be fitted by a damped harmonic oscillator ͑DHO͒ function,
where Q , ⌫ Q , and Z Q are taken as the energy, intrinsic width ͓half width at half maximum ͑HWHM͔͒, and weight of the p-r excitation, respectively. The second method was proposed by Woods and Svensson ͑WS͒, 37 and is based on the assumption that there is one component S s (Q,) which scales with the superfluid density and another, S n (Q,), which scales with the normal fluid density,
S S (Q,) is, as in the SS model, a sum of a single-excitation component and a multiexcitation component, S S (Q,)
, where the latter is determined in the same way as in the SS method. However, it is assumed that the multiexcitation component scales with s (T). The normal fluid component is determined at a temperature just above T , and is assumed to be temperature independent, except that its magnitude scales with n (T). When data at finite temperatures are analyzed with the SS method, the widths tend to be larger than in the WS method, since the whole peak ͑after subtraction of the low-temperature multiexcitation scattering͒ is fitted with a DHO, while in the WS method a broad contribution is subtracted, and this gives a narrower width of the DHO. We have found that the widths obtained by the SS method are nearly insensitive to the resolution of the spectrometer, while in the WS model, the widths get larger with worsening resolution. We prefer therefore to use the SS method in this paper. The single-excitation energies are very similar in the two methods. Figure 4 shows the dynamic structure factor S(Q,) of liquid 4 He in aerogel and Vycor at the maxon wave vector (Qϭ1.10 Å Ϫ1 ) at several temperatures. At low temperatures, Tϭ0.5 K, S(Q,) is confined chiefly to a single peak arising from exciting a single ''maxon'' excitation in the fluid. The width of the peak at Tϭ0.5 K is set by the instrumental resolution width. There is no observable intensity below the peak; i.e., we did not observe any new low-energy excitation at these Q values in either aerogel or Vycor. At higher-energy transfers ͑above the peak͒, S(Q,) has some weight which can be attributed to the creation of two or more phonon-roton excitations by the neutron ͑multiparticle excitations͒, which are also seen in bulk 4 He. 38,39 Figure 5 shows similar data at Qϭ1.70 Å Ϫ1 . The basic structure of S(Q,) at Tϭ0.5 K is the same in aerogel, Vycor, and in bulk 4 He at all wave vectors investigated up to QӍ1.70 Å Ϫ1 . As the temperature is increased, the single peak in S(Q,) shown in Figs. 4 and 5 broadens and its weight decreases. At Tϭ2.25 K in aerogel and T ϭ2.31 K in Vycor there is no discernible mode in S(Q,) in FIG. 3 . Observed neutron scattering intensity in aerogel at ͑a͒ the maxon and ͑b͒ the roton wave vectors. Open circles with error bars are raw data, which include the multiple scattering. In ͑a͒, the dashed line is a guide to the eye. The Q-independent multiple scattering component is shown as a solid line. In ͑b͒, the solid circles show the corrected S(Q,) after subtraction of the multiple scattering; the dotted line is the scattering from bulk 4 He. The arrow shows the 2D layer mode.
IV. RESULTS
A. S"Q,… and bulklike excitations
the sense that the width of S(Q,) is greater than the characteristic energy (Ϸ1 meV͒ of S(Q,). This basic temperature dependence is observed at all Q values above the phonon region ͑i.e., for Qտ0.7 Å Ϫ1 ). The superfluid-tonormal transition in bulk liquid 4 He is at T ϭ2.172 K. The corresponding superfluid-normal critical temperatures of liquid 4 He in aerogel 7 and Vycor 1, 8 are T c ϭ2.167 K and T c ϭ1.95Ϫ2.03 K, respectively.
In bulk liquid 4 He, the weight of the single-excitation peak in S(Q,) scales with temperature approximately as the superfluid density ͑or condensate fraction͒. 36, 38, 39 For Q տ0.7 Å Ϫ1 there is no peak above T in the normal phase even at higher pressures where T Շ1.9 K. This scaling clearly does not carry over to liquid 4 He in Vycor. 15 As seen in Figs. 4͑b͒ and 5͑b͒, there is a well-defined, broadened single excitation in Vycor at Tϭ1.99 K, where torsional oscillator experiments 1, 8 find S (T)Ӎ0. The existence of an excitation at or above T c in Vycor can be understood in terms of the existence of a localized condensate or phase coherence on short length scales above T c , as discussed in Sec. V. Local phase coherence might exist up to T .
Bulk liquid 4 He supports sound propagation in both the normal and superfluid phases. [38] [39] [40] This is reflected in the existence of a well-defined ''phonon'' mode in S(Q,) at low Q (QՇ0.7 Å Ϫ1 ) in both phases. As in the bulk, 41 we observed well-defined modes in the ''phonon'' region of superfluid and normal 4 He in aerogel and Vycor. Only at higher Q (Qտ0.7 Å Ϫ1 ) does the existence of a welldefined mode appear to depend on the existence of a condensate ͑or superfluidity͒.
38,39 Figure 6 shows S(Q,) of superfluid 4 He at the roton wave vector Qϭ1.95 Å Ϫ1 at low temperature in aerogel, Vycor, and the bulk all measured in the present experiments. In aerogel and Vycor we observed additional intensity below the single-excitation peak in the range 0.3ՇՇ0.7 meV for wave vectors 1.7ՇQՇ2.15 Å Ϫ1 and this intensity is shown in Fig. 6 . It is clear that if this additional intensity is not identified and subtracted, the apparent roton energy would appear to be somewhat lower and the roton width somewhat greater in aerogel and Vycor than in the bulk. When the additional intensity is subtracted, we find that the p-r excitation energies and widths of superfluid 4 He in aerogel and Vycor are the same as in the bulk within current measurement precision (Ϯ5 eV). The interpretation of the additional intensity will now be discussed. Figure 7 shows the intensity observed in aerogel and Vycor below the main peak at Qϭ2.10 Å Ϫ1 on a magnified scale. A single, broad Gaussian is fitted to this additional intensity although two or three broad Gaussians would also fit. The width of the single Gaussian is 3-4 times the instrument resolution width. The Gaussian peaks at a lower energy in Vycor than in aerogel. For example, at the roton wave vector the Gaussian peaks at ⌬ 2D Ӎ 0.55 meV and ⌬ 2D Ӎ 0.63 meV in Vycor and aerogel, respectively, which defines a 2D roton minimum. 11 All measurements shown were taken on the IN6 spectrometer. We also made measurements 14 on IN12 at higher-energy resolution ͑47 eV) but poorer statistical precision on another aerogel sample which suggested that the Gaussian in aerogel peaked at a somewhat higher value (⌬ 2D Ӎ0.7 meV͒. The integrated intensity in the fitted Gaussian as a function of Q is shown in Fig. 8 . The additional intensity in both aerogel and Vycor is first observed at QӍ1.7 Å Ϫ1 and the intensity in it increases with Q up to QӍ2.1 Å Ϫ1 , the largest Q investigated. We have made measurements as a function of filling of aerogel that shows that the additional intensity arises from excitation in the liquid layers adjacent to the media walls. Figure 9 shows S(Q,) at the roton wave vector for three fillings of 87% porous aerogel. The contribution to S(Q,) arising from the layer mode is identified by a dashed line. The integrated intensity in the 3D roton component and in the layer mode component of S(Q,) as a function of filling are shown in the inset of Fig. 9 . The intensity in the layer mode begins at approximately 30% filling ͑after the equivalent of three layers are deposited͒ and saturates at 60%-70% filling ͑after seven layers are completed 14 ͒. As discussed in Sec. V, the first 4 He layer on aerogel is an amorphous solid 20 and subsequent layers are probably largely liquid. The additional intensity shown in Fig. 7 and Fig. 9 is attributed to 2D layer modes propagating in the liquid layer adjacent to the porous media walls. Such layer modes have been observed in films of helium on graphite [17] [18] [19] and on aerogel walls. 20 As noted, the layer mode energy dispersion curve in the roton region is shown in Fig. 1 . The energy at each Q is defined as the peak position of the fitted Gaussian shown in Fig. 7 . The energy dispersion curves can be fitted by the standard expression used for the bulk,
B. Layer modes
where ⌬ is the roton energy, Q R the roton wave vector, and the effective mass of the roton. The fitted parameters are listed in Table I . The layer mode energy gap ⌬ 2D ϭ0.55 Ϯ0.01 meV we find in Vycor agrees well with the 2D roton energy observed by Thomlinson et 4 He in 87% porous aerogel at the roton wave vector, measured on IN12. The solid line is a fit by a sharp bulklike 3D roton plus a broad layer mode ͑dashed line͒. The inset shows the integrated intensity as a function of filling for the 3D bulklike mode ͑solid circles͒ and the 2D layer mode ͑open circles͒. The lines are guides to the eye. 19 on exfoliated graphite. The gap ⌬ 2D ϭ0.63Ϯ0.01 meV we find in aerogel agrees well with the gap observed by Godfrin et al. 20 in thin 4 He films on aerogel. These energies are related to thermodynamic properties as discussed in Sec. V.
C. Temperature dependence
The 3D p-r excitation energies Q (T) and half widths ⌫ Q (T) were obtained by fitting the S SS (Q,) expression in Eq. ͑1͒ to the data in all cases. In the fit, the multiexcitation component S m (Q,) observed at Tϭ0.5 K is assumed to be temperature independent and is subtracted from S SS (Q,) at all temperatures. The remaining single-excitation component S 1 (Q,) is fitted by a DHO function ͑2͒ at each temperature with Q (T), ⌫ Q (T), and Z Q (T) as fitting parameters. Figure 10͑a͒ shows the change in the roton energy with temperature, Q (T)Ϫ Q (0), while Fig. 10͑b͒ shows the temperature dependence of the phonon energy. The temperature dependence of the p-r excitation energies Q (T) for all Q values is the same in aerogel, in Vycor and in the bulk within the statistical accuracy. The bulk energies of Andersen et al. 36 shown in Fig. 10͑a͒ ͑solid line͒ were also obtained using the SS fitting method. To compare Q (T) in different media, the same method of data analysis must be used, since the intrinsic width of S(Q,) for temperatures above Tϭ1.9 K is broad enough that energies obtained depend strongly on the method of analysis ͑i.e., SS or WS͒ and on how the multiexcitation component is identified and subtracted. Also, above Tϭ1.9 K, S(Q,) is broad enough that a single ͑energy-independent͒ excitation energy Q is not a well-defined concept.
The phonon energy at Qϭ0.7 Å Ϫ1 in aerogel, Vycor, and in the bulk is largely independent of temperature except above TӍ1.8 K. We found that the temperature dependence of Q (T) was the same in aerogel, Vycor, and the bulk at all wave vectors 0.4рQр2.15 Å Ϫ1 investigated. Figure 11 shows the temperature dependence of the half width ⌫ Q (T) at the roton and the maxon wave vectors in aerogel, Vycor, and in the bulk. Again, the temperature dependence of ⌫ Q (T) is the same in all three cases when the data are analyzed using the same method ͑e.g., the SS method used here͒. Specifically, when the intensity arising from the layer mode in aerogel and Vycor is subtracted, the ⌫ Q (T) is the same in aerogel, Vycor, and bulk liquid 4 He.
V. DISCUSSION
A. Excitations, the broad picture
We observe two types of excitations in liquid 4 He immersed in fully filled aerogel ͑87% porous͒ and Vycor. The first is a 3D phonon-roton excitation that propagates throughout the liquid 4 He. This 3D excitation has, within the present instrumental resolution, the same energy and lifetime as the p-r excitation in bulk liquid 4 He. The second mode is a 2D layer mode, which propagates in the liquid layers immedi- ately adjacent to the aerogel or Vycor walls. The layer-mode intensity saturates to its maximum value after the equivalent of seven layers total are deposited. The 3D excitation intensity also propagates in these layers and in the body of the liquid with intensity that increases approximately linearly with filling until the sample is fully filled. 14 Thus the 2D and 3D modes coexists between the first one to five liquid layers. Owing to capillary action, the filling of layers is not expected to be uniform. At the present level of precision and within the wave vector range 0.3рQр2.15 Å Ϫ1 no new excitations other than the layer modes arising from disorder and confinement were observed.
As in bulk liquid 4 He, S(Q,) in aerogel and Vycor consists of a sharp peak, identified with the 3D p-r mode noted above, and a broad component at higher energies identified with exciting multiples of 3D excitations. The p-r energy and width are obtained from fitting a DHO function to the sharp peak after the multiexcitation component is subtracted. If the subtraction and fitting are done in the same way in each case, the resulting 3D p-r excitation in aerogel and Vycor has the same energy dispersion curve as in bulk 4 He in the wave vector range 0.3рQр2.15 Å Ϫ1 investigated here. At Tϭ0.5 K, the excitation widths are zero within the experimental accuracy (Շ5 eV) at all Q values. This agrees with high-resolution measurements by Anderson et al. 27 on aerogel, who found an upper limit for the intrinsic width of 0.1 eV for Tр1.2. The temperature dependence of the p-r energies at all Q values investigated in both aerogel and Vycor is the same as in the bulk. The p-r widths also have the same temperature dependence as in the bulk if the multiphonon contribution is simply subtracted from S(Q,) ͑SS method͒.
In aerogel, the intensity in the single excitation peak Z(Q) for Qտ1 Å Ϫ1 scales with the superfluid density s (T) in aerogel. This agrees with the original observation by Woods and Svensson 37 that Z(Q) in bulk 4 He scales approximately with bulk s (T). Within the precision that Z(Q) is determined, we cannot distinguish between aerogel and the bulk, since T c in aerogel is suppressed only slightly T ϭ2.172 K. However, in Vycor the intensity in the singleexcitation peak for Qу1 Å Ϫ1 does not scale with s (T) in Vycor. Rather, a peak is observed above T c ϭ1.95 K where s (T)ϭ0. This is discussed further at the end of this section. As noted, the 2D layer mode is observed in S(Q,) only in the wave vector range 1.7рQр2.15 Å Ϫ1 in both aerogel and Vycor. At the roton wave vector, Q R ϭ1.95 Å Ϫ1 , the intensity in the layer mode is 10%-15% of the roton intensity. As Q decreases below Q R , the layer-mode energy increases, and for QՇ1.7 Å Ϫ1 the mode appears to lie within or above the 3D p-r mode. It also appears to lose intensity for QՇ1.7 Å Ϫ1 and is no longer resolvable from the dominant p-r peak. Clements et al. 19 have predicted that as Q decreases below Q R , the layer mode intensity would decrease significantly and the energy would increase so that the mode becomes indistinguishable from the 3D mode as observed here.
Thomlinson et al. 17 observed a 2D roton in liquid 4 He layers on graphon with roton energy ⌬ 2D ϭ0.54 meV that is the same as observed in Vycor here. Lauter et al. 18 and Clements et al. 19 observed layer modes on graphite surfaces which have the same intensity and energy dispersion as found here in Vycor. Layer modes in Vycor were also reported in Ref. 42 , but a meaningful comparison cannot be made due to the limited statistics and accuracy of those measurements, chiefly due to the strong neutron absorption of the natural boron contained in these samples. We find that the 2D roton energy is higher in aerogel (⌬ 2D ϭ0.63 meV͒ than in Vycor (⌬ 2D ϭ0.55 meV͒. This agrees with Godfrin et al. 20 who find that ⌬ 2D in 1.3 layers of 4 He on aerogel lies 0.1 meV below the 3D roton energy ͑0.742 meV͒. The 2D layer mode is also broad in both media with a full width at half maximum ͑FWHM͒ Ӎ0.3Ϫ0.4 meV. As noted by Clements et al., there could be more than one mode within the observed broad peak. 4 He layers on graphite surfaces have been well documented by Thomlinson et al. 17 and Clements et al. 19 The first two layers are 2D solids in a triangular lattice. On graphite the nearest-neighbor spacings in the triangular lattices are 3.17 Å and 3.54 Å in the first and second layers, respectively. 17 4 He on Vycor are consistent with the above values.
B. Models of surfaces and layer modes
As noted, we find a 2D layer roton energy ⌬ 2D ϭ0.55 Ϯ0.01 meV in Vycor, in excellent agreement with the ⌬ 2D ϭ0.54Ϯ0.03 meV observed by Thomlinson et al. 17 for 4 He on graphite. Since ⌬ 2D depends on the layer density, 43, 44 this suggests that the layer densities of the liquid layers in Vycor and on graphite are similar. The surface structure is, however, quite different. While graphite is a ''flat'' surface, Vycor consists of SiO 2 glass containing wormholelike pores of nominally 70 Å diameter. A model 45 of the Vycor pores is caverns separated by necks with the caverns containing SiO 2 ''debris.'' Perhaps these differences are moderated by the two layers of solid 4 He on each surface. Porto and Parpia 46 discuss models of aerogel. Aerogel consists of globules of glass joined in a random manner separated by large regions of open space. We have investigated helium in one 95% porous 26 and two 87% porous samples of aerogel finding the same results. Godfrin et al. 20 find that the first 4 He layer on the aerogel surface is an amorphous solid showing no Bragg peaks. The position of the first peak in S(Q) arising from this layer suggests that the amorphous solid density is somewhat less than the SVP bulk liquid density. The density of subsequent liquid layers may also be bulk liquid density or less. For example, we find ⌬ 2D ϭ0.63 meV as do Godfrin et al., which is significantly higher than ⌬ 2D in Vycor or on graphon. As noted, calcula-tions show 43, 44 that ⌬ 2D increases as the layer density decreases which is consistent with less dense layers in aerogel than Vycor. Also, we have found 14 that the 3D roton energy ⌬ 3D is higher in the first three to four liquid layers than the bulk. Since ⌬ 3D increases with decreasing density, this also suggests that the density of the first liquid layers on the aerogel walls is less than the bulk liquid density. Given the highly irregular nature of aerogel, it may contain crevices and regions near the surface that are largely 2D in nature. Since the 2D liquid equilibrium density is less than the bulk density, 43, 44 these regions may contain low-density 4 He. Thermodynamic properties of liquid 4 He in Vycor can be explained in terms of the layer modes. Brewer 2 has identified the specific heat C V arising from the liquid layers in Vycor. This can be fitted by a rotonlike C V with a ''gap'' energy of 0.53 meV. This interpretation agrees quantitatively with our observed 2D layer mode shown in Fig. 1 having a roton energy ⌬ 2D ϭ0.55 meV. Kiewiet et al. 47 have measured s (T) in Vycor. They find that the normal-fluid fraction can be described as arising from exciting ''one-dimensional'' phonons and rotonlike excitations. Specifically, for Tр1.4 K, the superfluid density is expressed as s (T)/ϭ1ϪAT 2 ϩBT 2 exp(Ϫ⌬/k B T). The AT 2 term describes the ''onedimensional'' phonon contribution and ⌬ is the roton energy gap with ⌬ϭ0.50 meV. This expression is consistent with the phonons observed here in Vycor, which at low Q may be expected to propagate chiefly along the pores, and with the rotonlike 2D layer mode shown in Fig. 1 that we observe propagating along the surface with ⌬ 2D ϭ0.55 meV. For T р1.4 K, the 2D layer mode, rather than the higher-energy 3D roton in the body of the fluid (⌬ϭ0.742 meV͒, would be excited. We believe that a simple connection between excitation energies and S (T) is not possible for Tу1.9 K because S(Q,) is broad.
C. Quenched disorder and bulk modes
Turning to the main p-r excitation of liquid 4 He in the body of the aerogel and Vycor, we observe no clear impact of disorder on these excitations. We have not seen additional excitations or new weight in S(Q,) at low energies arising from quenched disorder, aside from the layer mode. The main p-r peak of S(Q,) is not broadened at low temperatures. This is somewhat surprising because some variation of the liquid density near the walls is expected. Between SVP (V m ϭ27.6 cm 3 /mol͒ and the solidification line (V m ϭ24 cm 3 /mol͒ in the bulk, the roton energy decreases by 100 eV. Thus some variation in the roton energy throughout the liquid and a consequent width might be expected. Indeed, it is an interesting feature that there is no observable width greater than 10 eV at low temperatures to any of the p-r excitations in aerogel and Vycor. It would be interesting to search for some width to the phonon excitation ͑e.g., at Qϭ0.7 Å Ϫ1 ) arising from confinement with higher resolution. Similarly, within 5 eV, the p-r energies at low temperatures are the same as in bulk liquid 4 He at least up to the roton wave vector. Azuah et al. 28 suggest that at higher wave vectors, QӍ3 Å Ϫ1 , the energy in 95% porosity aerogel lies approximately 20 eV below the bulk energy.
In contrast, calculations of excitations in lattice models having disorder on length scales of the lattice spacing ͑e.g. site disorder͒ predict excitations at low energies, finite excitation energies at Q→0 at commensurate fillings signaling possible Bose localization, and other interesting features in S(Q,) arising from disorder. [10] [11] [12] Similarly, direct evaluation 48 of S(Q,) by path integral Monte Carlo simulations of liquid 4 He containing spherical defects finds that S(Q,) is substantially modified by point disorder having a short correlation length ͑2-3 Å͒. The peak position of S(Q,) is shifted, S(Q,) is broadened, and weight in S(Q,) appears at low energies. Apparently, the length scale of the disorder in 87% porosity aerogel and Vycor is too long to affect the p-r excitations having wavelengths ϭ2/QՇ10 Å at the levels observable here. Alternatively, whatever disorder is introduced by the aerogel and Vycor surfaces is sufficiently smoothed and moderated by the first solid 4 He layer͑s͒ and the first one or two liquid layers that the basic p-r excitations in the body of the liquid 4 He are essentially unaffected by the surfaces.
D. Excitations and the condensate
As noted, we observe a p-r excitation in Vycor for Q у0.7 Å Ϫ1 at temperatures above T c ϭ1.95 K. The single, p-r excitation has disappeared by Tϭ2.31 K. In bulk superfluid 4 He the weight of the single excitation in S(Q,) for Q у0.7 Å Ϫ1 scales approximately with the superfluid density s (T). Since s (T) is zero above T c in Vycor, no singleexcitation should be observed at the maxon or higher Q values above T c if this scaling also holds in confinement. Stirling and Glyde 41 and Glyde and Griffin 49 pointed out that the single excitation weight at higher Q values should scale approximately as the condensate fraction n 0 (T) rather than S (T). Essentially, when there is a condensate in a Bose fluid, the single-quasiparticle function G 1 (Q,) and density response function S(Q,) share common poles and have, as a result, a common characteristic excitation energy. This leads to a single, well-defined p-r mode Q for each wave vector, the same in all response functions, and there are no excitations at lower energies to which the mode can decay. In addition, single-quasiparticle excitations contribute to the density response S(Q,) with weight proportional to n 0 (T) when there is a condensate. Above T in the normal phase, the density response and quasiparticle energies can be quite different and low-lying quasiparticle excitations ͓decay channels for S(Q,)] can exist. In normal 4 He we observe that the density response is very broad and has no mode in it for Qտ0.7 Å Ϫ1 , suggesting that the mode does indeed decay to the low-lying excitations. In this picture, the sharp excitation in S(Q,) below T arises because all response functions share the same common pole. The single, p-r peak in S(Q,) depends on the existence of a condensate and its weight in S(Q,) should scale with temperature approximately proportional to n 0 (T).
Given that we observe a single-excitation mode in S(Q,) above T c in Vycor, we arrive at the following very interesting conclusions. If n 0 ϭ0 everywhere above T c in disorder, then well-defined excitations at the maxon and ro-ton wave vectors can exist at temperatures where n 0 ϭ0 and there can be no universal connection between well-defined excitations and the existence of a condensate. Alternatively, if the existence of a single-excitation component in S(Q,) depends upon the existence of a condensate, then n 0 (T) must be finite between T c and T in some regions of Vycor. A finite n 0 where s ϭ0 suggests the existence of a condensate that is localized by disorder in Vycor. A localized condensate with no superfluidity has been predicted in models of disorder. 10 It has also been proposed to explain the normalto-superfluid transition in 4 He films on Vycor. 1, 13 In a model of hard-sphere bosons in disorder, Huang and Meng 50 find that disorder can destroy superfluidity through an effect suggestive of boson localization. Evidence for local superfluidity above T c in aerogel has been presented. 51 However, a localized condensate has not been previously observed in three dimensions ͑e.g., phase coherence on length scales of the pore size͒. Further work toward a clear interpretation of this interesting result is needed.
